Abstract-A frequency tunable multi-layer low cost microwave absorber is proposed for Ku and X bands of applications. The tunability is obtained with the cavity model design using two metallic layers; a frequency selective surface (FSS) layer and a metal backed substrate layer with the air gap between them. The change in air-gap results in variation of the effective substrate height, and as a consequence the resonant frequency is tuned. The coupling of LC resonance and cavity resonance at an air-gap of 7.5 mm results in a dual-band absorption of the design. The proposed absorber performance has been analyzed for both TE and TM polarizations of incident wave, and the results are found to be same. The studies on surface current distribution and incident angle variation are observed to get physical insight behind absorption. The waveguide measurement method is used to correlate the simulated results with the measured one. With this simple cost-efficient design, the absorber appears well suited for microwave application at X and Ku bands.
INTRODUCTION
Over the past decade, since the first 'perfect' metamaterial absorber (PMA) was proposed by Landy et al. [1] , the microwave community has started to show a growing interest in it. Their PMA structure consisted of three layers (two metallic layers and a dielectric spacer). The strong coupling of the incident electric field at the top layer (electric ring resonator 'ERR') together with the ground metallic plane produced electric resonance at resonance frequency. The anti-parallel current induced from ERR causes magnetic resonance within the structure [2] . Following the work of Landy et al. numerous designs have been proposed for such absorbing components over a wide range of frequencies such as in the terahertz [3] , infrared [4] and optical frequencies [5] for practical operations. Tunable metamaterial absorber has gained considerable attention owing to its flexible absorption frequency. In recent years, frequency reconfigurability has been achieved by changing some physical parameters [6] , near-field interaction [7] , and active elements, such as varactor diode or introducing lumped elements [8, 9] in the design. Single band to dual band absorption is obtained by changing air-gap between two metallic layers [10] . However, all the above techniques have certain limitations with respect to design cost, low profile, biasing network, polarization insensitiveness and fabrication challenges.
In the proposed design of the microwave absorber, the frequency shifting in single band is achieved with air-gap variation between the two metallic layers. Two layers of substrate with simple unit cell geometry is placed one after another while maintaining the air-gap between them. The variation of the air-gap or the cavity height makes the design frequency tunable with more than 95% absorption in the operation band of frequencies. The polarization insensitivity to the TE and TM incident wave makes the structure efficient in practical environment. The simulated and measured results obtained by waveguide measurement method are found similar.
ABSORBER DESIGN
The proposed absorber comprises an array of unit cells arranged periodically. Unit cell dimensions of the proposed tunable absorber are shown in Fig. 1 . The structure is developed on two layers of an FR-4 Epoxy substrate (dielectric constant = 4.4, loss tangent = 0.02) of thickness 1.5 mm. The top layer unit cell consists of one square metallic ring loaded with arrow shape slot diagonally placed above the substrate, and the bottom layer includes a metal backed substrate as shown in Fig. 1 . The analysis is carried out using CST Microwave Studio, and the corresponding results are given in the next section. The design parameters of the tunable metamaterial inspired absorber as shown in Fig. 1 are given in Table 1 . The air gap (G) is varied to obtain tuning of the absorption band of the component. For adjustment of the air gap (G), the upper FSS layer is placed above the grounded substrate layer with the help of four adjustable screws. 
ANALYSIS & SIMULATION
Due to complex permittivity and permeability of metamaterials absorbers, the absorbed EM power is modeled as the amount of loss experienced in the structure [11] , characterized by,
where, R(w) and T (w) are the frequency dependent functions for reflection and transmission coefficients of the component. The selection of the metal-backed substrate ensures the transmission coefficient becoming a zero, and hence Equation (1) is modified to give,
Therefore, to maximize absorption, the reflection coefficient is to be minimized as can be seen from the equations. To achieve it, the impedance of the structure is matched with the free space impedance.
From the view point of design, the structure can be considered as a rectangular cavity. The cavity walls are only bounded in the height by two layers; an FSS layer and a metal backed substrate. Fig. 2 illustrates a cavity model analogy of the design, and the corresponding resonant frequency, which is dependent on the cavity dimensions [12] , is as given in Equation (3) .
where, k and c are the wave number and velocity of light, respectively. G t is the total gap between the metallic layers. n, m, l are indicating the mode numbers. With the increasing air gap between two layers, the absorption frequency shifts to lower band as observed from Fig. 3 and justified with Equation (3). The simulated reflection coefficients S 11 (dB) of the absorber for both the TE/TM polarizations are plotted in Fig. 3 , which shows that the results are superimposed for the two polarizations. The parametric studies on the air-gap separation ('G' in mm) as depicted in Fig. 3 show tunability performance of the structure. The contributions of different resonances like LC resonance and cavity resonance to absorption of incoming wave are analyzed using surface current distribution on the structure due to induced fields. Figures 4-6 show the surface current distributions on the top and bottom planes at the absorption frequency for the air-gaps (G) of 3.5 mm and 7.5 mm, respectively. The same analogy can be drawn for rest of the air-gap (G) variation. The surface current induced by the LC resonance is associated with the opposite current distribution at the vertical strip of the unit cell, and the patch current distribution is similar to that shown in Fig. 4 and Fig. 6 . For the higher gap separation of 7.5 mm, another absorption peak comes at lower frequency due to cavity resonance. Fig. 5 shows the surface current at the absorption peak of 11.20 GHz which is uniformly distributed and parallel to each other at the two vertical strips of the unit cell. Coupling of the LC resonance and cavity resonance gives the dual-band absorption at 11.20 GHz and 15.56 GHz with higher air gap variation of 7.5 mm. The power loss density at the top surface of the unit cell is high at the diagonal edge of the arrow as compared to rest of the area as in Fig. 7 . The structure is also studied under varying angles of incidence of the incoming signal. A plot showing the absorptivity performances of the proposed structure is depicted in Fig. 8 . 
EXPERIMENTAL RESULT
The proposed absorber is fabricated with standard PCB technology and shown in Fig. 9 . The waveguide measurement method [13, 14] was used to test the absorption performance for its simplicity in measurement process. The proposed structure shows single absorption peak at 12.46 GHz for the lower height of 3.5 mm with double absorption peaks at 11.22 GHz and 15.54 GHz for higher gap of 7.5 mm. The electromagnetic waves come out from the waveguide and are incident on the interface of plane surface at an oblique angle of θ = sin −1 (λ/2a) ('a' is the width of the aperture and λ the wavelength) [15] . The oblique incident angles for those resonance frequencies are calculated as 49.620, 35.850 and 37.650, respectively. A little discrepancy in the simulated and measured results is observed in Fig. 10 , which may be due to imperfection in the manual air-gap separation, sensitivity to oblique incident angle and parallel placing of the two layers. Two standard waveguides operate in X and Ku bands, and an Agilent N5230A series Network Analyzer was used for the measurement process. 
CONCLUSION
A frequency tunable multilayer microwave absorber is designed in a cost-efficient way. With the use of easily adjusting screws, the air gap between two metallic layers is varied to obtain absorption peak at the desired frequency and henceforth eases the design fabrication and cost. The air gap (G) is varied from 0.5 mm to 7.5 mm to obtain absorption peak in the X and Ku bands. At higher air gap separation, the single absorption band shifts downward due to increase in effective substrate height. The coupling between LC and cavity resonance results in dual-band performance of the absorber at the higher gap of 7.5 mm. Thus, the design is able to tune absorption frequency without using any active element in the structure, therefore may be useful for applications such as radar cross section and electromagnetic interference (EMI) reduction.
